A modified and convenient route using microemulsions (avoiding Ba-alkoxide) was evolved for the synthesis of uniform and monodisperse nanoparticles of BaTiO 3 at low temperature (800°C). X-ray line broadening and transmission electron microscopy studies show that the particle size varies in the range of 20-25 nm. Evidence for tetragonal distortion was found in these nano-sized (20-25 nm) particles of barium titanate from careful x-ray diffraction studies as well as from Raman spectroscopy. Our study showed that the critical size of the cubic to tetragonal transition in barium titanate may be much lower than suggested theoretically. The grain size showed an increase on sintering of 35 nm at 900°C to 120 nm at 1100°C, which was much lower than the grain size obtained at this temperature by the normal solid state route. The dielectric constant depends on sintering temperature and was found to increase from 210 (900°C sintering) to 520 (1100°C sintering) at 100 kHz. The dielectric constant was highly stable with temperature as well as frequency.
I. INTRODUCTION
BaTiO 3 is a high-dielectric-constant material and is widely used in the manufacture of multilayer ceramic capacitors (MLCC). For increased miniaturization and volumetric efficiency of these multilayer capacitors, the thickness of the ceramic capacitor films must be decreased. There is also interest in reducing the sintering temperature of BaTiO 3 to enable the use of more inexpensive non-noble metal electrodes. Both the above aspects put a greater emphasis on novel low-temperature synthetic approaches.
Oxide powders produced by the high-temperature solid-state reaction route have problems due to chemical inhomogeneity and reactivity. In addition it gives a wide range of grain sizes (normally in the 0.5-3 m range) and very little control is possible on the size, shape and agglomeration of particles. Thus alternate routes to synthesis based on novel low-temperature processes are of significance to yield high-purity ultrafine powders with controlled morphology and size of the particles. Various low temperature routes involving organometallic precursors like alkoxides, acetates, oxalates, nitrates, citrates of Ba and Ti have been used in the past to obtain BaTiO 3 . [1] [2] [3] Apart from these methods, sol-gel, sol-precipitation, hydrothermal, and organic polymeric precursor routes have been used for the preparation of BaTiO 3 powders. [4] [5] [6] [7] In recent years, there has been a lot of interest in preparing nano-sized particles of metals, oxides, sulfides, etc., using microemulsions. [8] [9] [10] Here, precipitation is carried out in aqueous cores dispersed in an apolar solvent and stabilized by surfactant/cosurfactant molecules. The dimensions of the reaction chamber may be controlled by having a different amount of water in the aqueous cores. These cores may be 5-10 nm in size. The material obtained is homogeneous since the desired stoichiometry is maintained. It is possible to control not only the size but also the morphology of the product nanoparticles by proper choice of the composition of the microemulsion system. There have been reports 11, 12 on the synthesis of BaTiO 3 by the reverse-micellar route. In these reports, Ba-alkoxide was used as one of the starting reagents. However, the use of alkoxides is not economically viable due to their cost and because the alkoxides hydrolyze in air. The tremendous use of BaTiO 3 in a wide range of applications leads to a continued effort to make better powders through simpler and economical routes. It has also been seen that though several studies have been carried out by low-temperature routes toward the synthesis of nano-sized barium titanate, [1] [2] [3] [4] [5] [6] [7] [11] [12] [13] [14] [15] very little emphasis has been given to their dielectric properties. Recently, we synthesized nanoparticles of Ba 2 TiO 4 16 from the same reverse micellar route without the use of Ba-alkoxide.
In this paper, we report a modified procedure for the synthesis of BaTiO 3 using reverse micelles in which we avoided the use of Ba-alkoxide completely. In addition, we carefully examined the presence of tetragonal distortion at low grain size using Raman spectroscopy. The dielectric properties of nano-sized BaTiO 3 was also investigated.
II. EXPERIMENTAL
Under nitrogen atmosphere, 0.74 ml Ti-isopropoxide (Acros, 98+%) was added to 7.4 ml of glacial acetic acid (Qualigens, LR grade, 99.5%). To this, a small amount of distilled water was added, which resulted in a white precipitate. The precipitate was dissolved in excess of distilled water, to create a volume of 25 ml. This solution is referred to as hydroxy titanium acylate solution.
1 Three milliliters each of hydroxy titanium acylate solution, barium acetate (CDH, AR grade, 99.5%) solution, and sodium hydroxide (BDH, 97%) solution were taken in three separate beakers. To each of the above, 60 ml cyclohexane (Ranbaxy, LR grade) as the oil, 7.0 ml Tergitol NP-9 (Aldrich) as the surfactant, and 5.2 ml noctanol (Spectrochem, Puriss, 99%) as the co-surfactant were added. Three different transparent water in oil microemulsions were thus obtained. These three microemulsions were then mixed and stirred at room temperature for 6 h. A transparent sol was obtained. On evaporation of the sol at 60 ± 5°C, a white gel was obtained, which was washed with acetone, centrifuged, and then dried in an oven at 120°C for 1 h. The powder thus obtained (precursor) was further heated in air at 500°C for 20 h, which on subsequent heating in air at 800°C for 20 h, yielded the pure BaTiO 3 powder (Fig. 1) .
X-ray diffraction (XRD) studies were carried out on a Bruker D8 advance x-ray diffractometer using Nifiltered Cu K ␣ radiation. Normal scans typically had a step of 0.02°with step time of 1 s. The K ␣2 reflections were removed by a stripping procedure to obtain accurate lattice constants and grain sizes. For more detailed x-ray studies (observation of weak distortion and grain size, slow scans with step size of 0.002°in 2 and a step time of 2 s were used. To obtain the grain size from x-ray line broadening, we applied Scherrer's formula (t ‫ס‬ 0.9 /B cos), where t is the diameter of the grain, is the wavelength (for Cu K ␣ , ‫ס‬ 1.5418 Å) and B ‫ס‬ √(B M 2 -B S 2 ) (B M is the full width at half maximum of the sample, and B S is that of a standard grain size of around 2 m). The standard used was quartz and was chosen such that the sample and standard have reflections at nearly similar 2 values.
Transmission electron microscopy (TEM) studies were carried out using a JEOL JEM 200CX electron microscope operated at 200 kV. TEM specimens were prepared by dispersing the powder in acetone by ultrasonic treatment, dropping onto a porous carbon film supported on a copper grid, and then drying in air. Raman experiments were carried out on the powdered sample at room temperature. The Raman spectroscopic studies was recorded in the 45°geometry, using the 532 Å line of a frequency doubled Nd-yttrium aluminum garnet (YAG) laser (power ∼50 mW) and a custom-built Raman spectrometer equipped with SPEX TRIAX 550 monochromator and a liquid nitrogen cooled charge-coupled device (CCD). Dielectric properties were measured on sintered disks (made by treatment of powder with polyvinyl alcohol at 100°C for 30 min and pelletized at 8 tonnes) coated with silver using a Hewlett Packard HP 4284L multi-frequency LCR meter in the frequency range 50-500 kHz. Temperature variation studies of the dielectric constant and dielectric loss were carried out in the temperature range 30-200°C. The density of the sintered disks was obtained by the Archimedes method using CCl 4 . The disks were soaked in the organic medium for a sufficiently long time, and the weight was monitored until it became constant. For consistency, three different density measurements were carried for each sample. The density of disks sintered at 900°C showed a bulk density of 92% while the density of the disks when sintered at 1000 and 1100°C were found to be 93% and 94%, respectively.
III. RESULTS AND DISCUSSION
Monophasic BaTiO 3 could be obtained after heating the precursor (see experimental section) at 800°C, and the x-ray pattern (Fig. 2) could be indexed satisfactorily on the basis of a tetragonal cell as is known for BaTiO 3 . The refined lattice parameters are a ‫ס‬ 3.998(1) Å and c ‫ס‬ 4.019(1) Å. Note that careful x-ray studies of the (200) reflection suggest a very weak tetragonal distortion at 800°C [ Fig. 2(inset) ]. The average grain size of the particles obtained from the x-ray line-broadening studies of the (111) reflection was found to be 20 nm. This is in accordance with the TEM studies, which show uniform and monodisperse particles having grain size of 20-25 nm [ Fig. 3(a) ]. Nano-sized BaTiO 3 has earlier been reported by the polymeric citrate precursor route. 17 However, the grains obtained in the above studies were agglomerated compared to the grains obtained here using the reverse micellar approach. Earlier reports [11] [12] [13] on the synthesis of nanocrystalline BaTiO 3 from the reversemicellar method use a single microemulsion as a reaction chamber where the alkoxide mixture of barium and titanium was hydrolyzed to obtain the pure powder. We believe that the agglomeration of grains mentioned in these reports was due to the use of a single microemulsion. In our studies, we used three different microemulsions for the two metal ions (Ba 2+ , Ti 4+ ) and the precipitating agent (NaOH). The idea behind this modified route was to minimize the agglomeration and to achieve the monodispersity as well as uniformity of the grains. We have been successful in achieving these objectives to a considerable extent. Also note that we avoided using the air-sensitive and expensive Ba-alkoxide as a starting reagent.
X-ray diffraction and TEM studies were also carried out on powders of sintered disks at 900°C (20 h) to 1100°C (8 h). The XRD pattern indicates the presence of the tetragonal phase of BaTiO 3 at all sintering temperatures (900-1100°C). TEM micrographs show uniform and monodisperse particles of grain size on the order of 30-35 nm for samples sintered at 900°C [ Fig. 3(b) ] while after sintering at 1100°C (8 h) the grains are agglomerated and had average grain size of 120 nm [ Fig. 3(c) ]. The average grain size obtained form x-ray line broadening studies was 85 nm for the powdered sample of sintered disk at 1100°C. Thus there was an increase in grain size with sintering temperature (Fig. 4) . Note that the grain size of BaTiO 3 obtained by the ceramic route at 1100°C normally varies between 0.5 and 1 m.
To arrive at a definite answer regarding the distortion suggested by XRD studies in the 20-25 nm particles obtained at 800°C, we carried out Raman spectroscopic studies. Figure 5 peak around 730 cm −1 . The Raman spectrum shown in Fig. 5(a) is similar to the room-temperature Raman spectrum recorded in the bulk BaTiO 3 crystals, 18, 19 except for the peak position. The change in Raman frequency is expected due to the small size effect. The dip around 166 cm −1 along with the asymmetric peaks around 200 and 515 cm −1 represent the 3A 1 (TO) mode associated with the tetragonal phase of BaTiO 3 . The striking line shape is due to the coupling of the three A 1 one-phonon states with each other via anharmonic interactions. 18, 19 The 306 cm . It is to be noted that cubic phase of symmetry O 1h has no Raman active modes. 18, 19 The Raman peak around 306 cm −1 [ Fig. 5(b) ] shows a decrease in intensity to a large extent for 20-25 nm particles of BaTiO 3 when compared with that Fig. 5(a) , which shows 30-35 nm particles of BaTiO 3 . It is known that the Raman spectra of both tetragonal and orthorhombic phases of BaTiO 3 are similar. 26 The major difference, other than the difference in peak positions, is the appearance of a strong positive peak around 190 cm −1 in orthorhombic phase instead of the negative peak around 180 cm −1 in the tetragonal phase. 26 This is mainly due to decoupling of the three A 1 (TO) modes in the orthorhombic phase. The presence of asymmetry in the 510 cm −1 peak in Fig. 5 (b) suggests the presence of coupling of TO modes associated with the tetragonal phase. This along with the absence of a positive peak around 190 cm −1 suggests that the sample heated at 800°C of 20-25 nm BaTiO 3 retains a slight tetragonal distortion. The studies made by Cho 24 also support our investigation in which the tetragonal structure of BaTiO 3 particles 20 nm in size was reported. The Raman investigations suggest that both 20-25 and 30-35 nm nanoparticles of BaTiO 3 crystallize in the tetragonal phase. This is in close agreement with the x-ray studies on these particles. Thus, our studies suggest that BaTiO 3 particles 20-25 nm in size may have tetragonal structure. There have been several other reports on the critical size of the cubic to tetragonal transition and a variety of sizes have been proposed 22, 27, 28 ranging from 30 to 100 nm. However, most of these reports involved the use of only powder XRD to analyze the grain size. Theoretical studies using the Ginzburg-Landau mean field approach were used earlier 29 to estimate the critical size (44 nm) for the cubic to tetragonal phase transition in BaTiO 3 , which appears to be on the higher side, as shown by our experimental reports. Our studies show that the tetragonal distortion may be observed in much smaller particles by careful Raman studies.
The dielectric constant and dielectric loss were measured on sintered disks (900°C) of the nanostructured barium titanate as a function of frequency and temperature. In Fig. 6(a) , the variation of dielectric constant and dielectric loss is shown of sintered disk of BaTiO 3 at 900°C, measured at room temperature. The dielectric constant was found to be 210, and dielectric loss was 0.02 for BaTiO 3 at 100 kHz. The dielectric constant was found to be stable (d/dF ‫ס‬ 9.24 × 10 −7 Hz −1 ) with frequency while dielectric loss showed a slight increase at higher frequencies. The dielectric constant was also found to be stable with temperature [ Fig. 7(a) ]. Dielectric properties of nano-sized BaTiO 3 were also carried out after sintering at 1000 and 1100°C. The dielectric constant was found to increase with sintering temperature ( Figure 8) ; it was 520 after sintering at 1100°C. The dielectric loss shows a slight decrease with sintering temperature. This decrease in loss is normally associated with an increase in grain size. The dielectric loss was nearly constant with frequency (0.02) after the 1100°C sintering [ Fig. 6(b) ]. The dielectric constant is among the highest reported for nanostructured BaTiO 3 obtained by different routes. 17 If we look at the temperature variation of the dielectric data (Fig. 7) , we find a small peak in the dielectric loss near 140-150°C. The dielectric constant also shows a broad maximum (in the region 120-150°C) in the 1100°C sintered sample. This feature may be associated with the ferroelectricity of BaTiO 3 . The ferroelectricity normally found in BaTiO 3 (for micron sized grains) appears as a peak in the dielectric constant at 122°C. In the nanostructured BaTiO 3 obtained in this study, the transition appears to be diffuse and weak. Ferroelectricity is highly dependent on grain size, as was shown earlier by theoretical calculations. 29, 30 These calculations predict a critical grain size on the order of 44 nm in BaTiO 3 . However, more recently it has been shown that ferroelectricity may be observed in defect-free ultrathin films 31, 32 much below the limits normally suggested by a mean-field Ginzburg-Landau approach (<10 nm). It may be noted that the theoretically predicted critical size may be smaller than the experimentally measured values would suggest. This is mainly due to depolarization effects and due to the possibility of noncrystalline surfaces over the nanocrystalline grains. A very recent study 33 on ferroelectric ultrathin films of PbTiO 3 show a stable ferroelectric phase down to 1.2 nm. Overall, the studies indicating the existence of ferroelectricity in ultrathin films are encouraging and have motivated researchers to look forward to applications of nano-sized ferroelectrics in microelectronic devices.
IV. CONCLUSION
We synthesized nanometer-sized (20-25 nm) barium titanate by a modified reverse micellar route (avoiding Ba-alkoxide) at 800°C. Monodisperse and nearly uniform grains could be obtained at these low temperatures. Tetragonal distortion is observed at low grain size of 20-25 nm. The grain size is reasonably stable to sintering till 1100°C (120 nm). A dielectric constant of 520 is observed for the nanocrystalline BaTiO 3 sintered at 1100°C which also shows a weak (diffuse) ferroelectric behavior. The dielectric constant is highly stable with frequency. 
